POA volume, sexual behavior, and partner preference of male rats affected by perinatal treatment with ATD. PHYSIOL BEHAV 56(3) [535][536][537][538][539][540][541] 1994.--The present study investigated 1) the importance of the aromatization process during the perinatal period for the development of the sexually dimorphic nucleus in the preoptic area of the hypothalamus (SDN-POA) of male rats, and 2) the relationship between SDN-POA volume and parameters of masculinization in male rats that were treated perinatally with the aromatase-inhibitor ATD. Males were treated with ATD either prenatally or pre-and neonatally, or with the vehicle. Masculine sexual behavior and partner preference were investigated in adulthood. Thereafter, animals were sacrificed and SDN-POA volume was measured. The SDN-POA volume was reduced in both the prenatally and the pre-and neonatally treated group, with a larger reduction in the latter than in the former group. Combined pre-and neonatal ATD treatment resulted in reduced frequency of mounts, intromissions, and ejaculations, as well as a reduced preference for a female over a male. The SDN-POA size was significantly and positively correlated with frequency of masculine sexual behavior, as well as preference for a female over a male.
RECENTLY it was found in our laboratory that perinatal treatment of male rats with the aromatase-inhibitor ATD (1,4,6-androstatriene-3,17-dione), which blocks the aromatization of testosterone to estrogen, impairs mascufine sexual behavior, enhances feminine sexual behavior, and decreases the preference for an estrous female over a sexually active male (6) . The differentiation of masculine and feminine sexual behavior in various mammals has long been known to be directed by estrogens aromatized from androgens around birth (4, 20) ; in addition, partner preference behavior has now been suggested to be dependent on the same process [female ferrets (5) , male rats (6), female rats (7)].
At the level of the central nervous system, the medial preoptic area (MPOA) of the hypothalamus has been strongly implicated as an important site for both gonadotropin release and the expression of mascufine and feminine sexual behavior (10, 21, 25, 30, 35) . Within the MPOA, a sexually dimorphic nucleus (SDN-POA), which is severalfold larger in males than in females, was first described in rats (18, 19) . A similar sex dimorphic nucleus has been subsequently identified in several other species [gerbil (11) , guinea pig (22) , ferret (8, 33) ], including man (13, 32) .
The sexual differentiation of the SDN-POA shows a close parallel with the sexual differentiation of behavior. First, the size of the SDN-POA of the adult rat is dependent on the presence of androgens during the perinatal period (24) , as is behavioral sexual differentiation [see (4, 20) ]. Second, several findings suggest that the conversion of these androgens to estrogens perinatally is a prerequisite for the masculine development of the SDN-POA [ (15) , see also (16) ]. The importance of the aromatization process during the perinatal period for behavioral sexual differentiation has also been well documented (4) . Therefore, the first purpose of the present study was to investigate the importance of the aromatization process during the critical period for the development of the SDN-POA in male rats by determining the effect of perinatal treatment with the aromatase inhibitor ATD on SDN-POA volume in adulthood.
Because of its sex dimorphism, its location within the MPOA, and the parallels between its development and behavioral sexual differentiation, the specific involvement of the SDN-POA in the regulation of sexual behavior has been investigated in several studies. It has been found that the volume of the SDN-POA correlates significantly with sexual performance and testosterone levels in males (1) . Moreover, lesions of this nucleus reportedly decrease masculine sexual behavior in several species, indicating the involvement of this nucleus in the expression of masculine sexual behavior [male rats (12) , female rats (34), male gerbils (11), male ferrets (9) (although only small effects were found in this species)]. It should be noted, however, that negative findings have been reported as well (3) .
Therefore, the second purpose of this study was to study SDN-POA volume in relationship to differences in partner preference and masculine sexual behavior, induced through perinatal ATD treatment. Subjects randomly drawn from a larger group of ATD-treated males described elsewhere (6) were reexamined following determination of SDN-POA volume.
METHOD

Animals and Hormone Treatment
Animals were housed two-four to a cage with food and water ad lib and kept on a reversed 14-10-h light-dark cycle.
Pregnant Wistar females received daily SC injection of ATD (5 mg in 0.1 ml propylene glycol) (n = 8) or propylene glycol (0.1 ml) (n = 4) from days 10-22 of pregnancy (day of impregnation = day 0). Within 9 h of birth, male pups from ATD mothers received a SC silastic implant (i.d. 1.5 mm, o.d. 2.1 mm, length 5 mm) filled with ATD (n = 18), which was removed again after 21 days, or no implant (n = 12). Thus, three groups were formed: males that were treated pre-and neonatally with ATD (pn-ATD) (n = 18), males that were treated only prenatally with ATD (pre-ATD) (n = 12), and males for which mothers received injections of propylene glycol during pregnancy, and that served as control subjects (control) (n = 14). All animals were behaviorally tested in adulthood and the results have been described elsewhere (6) . For the purpose of the present experiment, SDN-POA volume was measured in a subgroup of 15 animals, five drawn from each experimental group. This number proved sufficient to yield significant differences among groups. Selection of animals was random and did not take into account the results from the behavioral tests, because the primary goal of the present experiment was to determine the effect of perinatal ATD treatment on SDN-POA size. Had behavioral results been used as a selection criterion, it would not have been possible to distinguish between effects of experimental treatment on the one hand, and other, unknown variables that may have determined sexual behavior in these animals on the other hand.
Stimulus animals used in the behavioral tests were sexually active males and females brought into heat by 30/zg EB (24-48 h before testing) and 2.5 mg P (3-4 h before testing). These hormones were dissolved in olive oil and injected SC.
Procedure
At 21 days of age, pups were weaned and housed two-four to a cage of same sex and treatment. They were left undisturbed until behavioral testing started, when the animals were 11 wk old.
Males were subjected to 13 weekly partner preference tests. In tests 1-7 no sexual interaction with stimulus animals was possible, because stimulus animals were separated from the experimental animals by wire mesh. In tests 8-13 sexual interaction was possible. (See Behavioral Tests for details). Two weeks after the last preference test, the males were tested for masculine sexual behavior.
For purposes other than the present study, males were injected with 8-OH-DPAT prior to partner preference tests 6. I 0, and 12, and the results of these tests are not included here. Prior to tests 4, 5, 9, 11, and 13, animals were injected with a saline solution (1 ml). One week after the last partner preference test, males were tested for feminine sexual behavior, the results of which were presented elsewhere (6) .
After all behavioral testing was completed, the animals were sacrificed, brains were weighed, and SDN-POA volumes were measured.
Behavioral Tests
Partner preference. Partner preference tests were carried out in a test box with three compartments (60 x 30 x 40 cm each) (31) , in which a stimulus male was placed in one lateral compartment and a stimulus female in the other. Experimental animals could move freely from one compartment to the next through a small opening (13 x 12 cm) in the partitions separating the compartments.
In the tests without interaction (1-7), a wire mesh separated the experimental animals from the stimulus animals, allowing the animals to have nonphysical sensory contact with each other. In the tests with interaction (8-13), each stimulus animal was tethered by a harness attached to the back wall of the compartment, limiting the action radius of the stimulus animals. In these tests physical interaction was possible between the experimental male and stimulus animals.
Prior to the test, stimulus and experimental animals were adapted to the test environment for 15 rain, During this adaptation time, the openings in the partitions were closed by sliding doors, so that no interaction between animals was possible. These doors were then removed, and for 15 min behaviors were observed through the transparent front. Time spent in each compartment was recorded for the experimental male, and when interaction was possible, mounts, intromissions, ejaculations, and lordosis were scored.
Masculine sexual behavior. The test for masculine sexual behavior was carried out in semicircular cages (radius = 36 cm). Males were allowed a 5-rain adaptation period before a stimulus female was introduced. For 15 min, mounts, intromissions, and ejaculations, as well as the latencies to these behaviors, were scored.
Autopsy Procedures
Upon completion of the behavioral tests, the animals were injected with pentobarbital (Nembutal, 0.5 ml/rat, IP). All animals were then perfused intracardially with saline followed by 500 ml fixative (4% paraformaldehyde, pH 7.2). The brains were removed and stored in fixative at 4°C for 1 day. Subsequently, the brains were dehydrated and embedded in paraffin. Serial 6-# frontal sections were cut according to the coronal plane of the atlas of the brain of Paxinos and Watson (27) , mounted upon chrome alum-coated slides and stained with thionin.
Morphometry
Area measurements of the cross-sectional SDN were performed bilaterally by means of a Calcomp 2000 digitizer connected to a VAX 11/780 computer, using a Zeiss microscope with x l0 and x40 (plan) objectives, respectively, and x12.5 plan oculars. The volume of the SDN was determined by integrating area measurements from the first to the last SDN cell-containing sections. To insure reliability, these measurements were taken twice under blind conditions, with a correlation of 0.70 (p = 0.002) between the first and second measurement. The resulting mean of these two volumes was used in the data analysis.
Data Analysis
Data on SDN-POA volume and behavioral measures were subjected to a nonparametric analysis of variance (KruskallWallis), comparing the subgroups pn-ATD (n = 5), pre-ATD (n = 5), and control (n = 5). When justified, individual group comparisons were made using the nonparametric Mann-Whitney test. Because there was overlap in SDN-POA volume between the groups, and because SDN-POA volume has been suggested to be a strong predictor of sexual activity in males (1), correlations between SDN-POA volume and several behavioral parameters were calculated in addition to the analyses of variance, which merely tested differences between groups. For these correlations, the three groups were combined as SDN-POA data comprised a normal distribution (Kolmogorov-Smirnov goodness of fit test, p = 0.96, see Fig. 4 ). Correlations were calculated using the Pearson procedure (when data met the requirement of a normal distribution) or Spearman procedure (when this requirement was not met), and are reported only when significant. Differences in number of animals ejaculating were calculated using the Fisher Exact two-tailed probability test.
RESULTS
All animals appeared healthy throughout the experiment. Genitalia of males treated with ATD were normal in appearance at birth and continued to developed normally throughout the course of the experiment. Figure 1 shows a representative SDN-POA from each group. Mean volumes of the SDN-POA for the three groups are shown in Fig. 2 . An overall significant difference between groups was found (p = 0.007). Subsequent analysis showed that SDN-POA volumes of the pn-ATD group were significantly smaller than those of both the pre-ATD and the control group (p = 0.047 and 0.009, respectively), and that SDN-POA volumes of the pre-ATD group were significantly smaller than those of the control group (p = 0.036). Mean brain weights (control: 1.9 g, pre-ATD: 2.0 g, pn-ATD: 1.9 g) did not differ among groups (ANOVA, p > 0.10).
SDN-POA Volumes
Behavioral Tests
Because there were statistically significant differences be--tween the groups in SDN-POA volume, behavioral data of these subgroups were analyzed and correlated with SDN-POA volume.
Partner preference. To obtain a score tbr the preference for an estrous female, the time (in seconds) spent in the compartment of the stimulus female was divided by the total time spent in the compartments of the stimulus female and male. Figure 3 presents two mean preference scores, one for six tests in which physical interaction between experimental and stimulus animals was not possible, and one for four tests in which such interaction was allowed. There was no overall significant difference between the groups on mean preference score over tests without interaction (K-W, p = 0.174). Groups did differ significantly with respect to mean preference for a female on the tests with interaction (K-W, p = 0.009). Preference for a female on these tests was significantly lower for the pn-ATD group than both other groups (p = 0.009 in both cases). No significant difference was found between the pre-ATD and the control group (p = 0.917). Combining over groups, SDN-POA volume correlated positively and significantly with preference for a female on both the tests without (r = 0.55, p = 0.017), and with interaction (r = 0.66, p -0.003).
Sexual behavior during partner preference tests with interaction.
Latencies to the first mount or intromission did not differ across groups (p = 0.761, 0.513, 0.125, and 0.745 on tests 8, 9, 11, and 13, respectively, means not shown). Figure 4 shows the distribution of SDN-POA volumes and frequency of masculine sexual behavior during the partner preference tests across groups. Frequencies of mounts plus intromissions during the preference tests did not differ between groups on any of the tests (p = 0.128; mean _+ SEM: pn-ATD 15.9 _+ 3.1, pre-ATD 21.6 _+ 3.7, control 23.3 _+ 1.2). However, there was a significant correlation between frequency of mounts and intromissions, and SDN-POA volume (r = 0.67, p < 0.01). In addition, mean number of ejaculations during these tests differed significantly across groups (p = 0.01), with animals from the pn-ATD group ejaculating less than both other groups (p < 0.04 in both cases). The difference between the pre-ATD group and the Preference for an estrous female over a sexually active male, expressed as the mean ± SEM amount of time spent near the female as a percentage of the total time spent near male and female. Bars represent a mean for six tests on which interaction was not possible as stimulus animals were separated from experimental animals by wire mesh (no interaction), and a mean for four tests in which stimulus animals were tethered and interaction between experimental animals and stimulus animals was possible (interaction). For explanation of treatments, see Masculine sexual behavior during pair test. Mean number of mounts and intromissions during a test that paired the male with an estrous female for 15 min differed significantly across groups (p = 0.031) (Fig. 5) . Mounts plus intromissions were significantly lower for the pn-ATD group than both the pre-ATD and the control group (p < 0.04 in both cases). Number of ejaculations was significantly different across groups as well (p = 0.029). Animals from the pn-ATD group did not ejaculate and differed significantly from both other groups (p < 0.029 in both cases). There was no difference between the pre-ATD group and the control group. SDN-POA volume and number of ejaculations during the pair test correlated significantly (r = 0.73, p = 0.001).
DISCUSSION
The results of the present study show that in addition to behavioral sexual differentiation, SDN-POA volume of male Wistar rats is affected by perinatal treatment with the aromataseinhibitor ATD. The SDN-POA volume was significantly reduced by both pre-and perinatal (i.e., pre-+ neonatal) treatment with ATD, with perinatal treatment being the most effective. The reduction in SDN-POA volume by combined pre-and neonatal ATD treatment was concomitant with reduced preference for an estrous female over a sexually active male and with reduced masculine sexual behavior. Furthermore, SDN-POA volume was positively and significantly associated with several parameters of masculine sexual behavior.
These results corroborate earlier studies, which suggest that the aromatization of androgens to estrogens perinataUy is a prerequisite for the masculine development of the SDN-POA. For example, when administered perinatally, the nonsteroidal estrogen DES is as effective as testosterone in increasing SDN-POA size in female rats (14) . Pre-and neonatal treatment with an estrogen antagonist reduced the size of the SDN-POA in males, whereas similar perinatal treatment with an antiandrogen did not have such an effect (15) . In male ferrets, prenatal ATD treatment blocked the formation of a similar sex dimorphic nucleus (8) . The conclusions from these reports are consistent with the results of the present study, which show that inhibition of aromatization of testosterone in males during the perinatal period significantly affects the development of the SDN-POA. Combined pre-and neonatal ATD treatment was more effective in reducing SDN-POA volume than prenatal treatment alone. Several studies so far have indicated that the critical period during which the SDN-POA is sensitive to circulating gonadal hormones starts prenatally and extends into the neonatal period. That is, both prenatal and neonatal exposure to testosterone are effective in enlarging SDN-POA volume [e.g., prenatal (2, 23, 28) , neonatal (24, 29) ]. Moreover, neither neonatal androgen nor estrogen treatment is as effective as combined pre-and neonatal treatment in increasing SDN-POA volume (14) . Our results are therefore consistent with the view that both pre-and neonatal exposures to estrogen are required for normal development of the SDN-POA in males. However, it cannot yet be ruled out that the greater effect in the combined pre-and neonatal treatment group might have resulted from the greater cumulative dose of ATD, as there was a longer period of treatment in this group.
Differences in SDN-POA volume were accompanied by major differences in behavior. That is, males that were pre-and neonatally treated with ATD, and thus had smaller SDN-POA volumes, showed a reduced preference for a female over a male on tests in which interaction with stimulus animals was possible. During these partner preference tests, they also showed reduced levels of masculine sexual behavior (no ejaculations). In addition, during a test in which males were paired with an estrous female, masculine sexual behavior was also impaired (fewer mounts and intromissions, and no ejaculations). These results reiterate the importance of the perinatal hormonal environment for partner preference, which has only recently been demonstrated in female ferrets (5) , and male (6) and female rats (7), and further support the idea that perinatal exposure to estrogen aromatized from testosterone is a requirement for full behavioral masculinization of male rats [e.g., (4)]. The lack of differences between groups in partner preference scores where no interaction was possible is probably due to the low h's in the present experiment, as this difference was found in the population of rats from which our samples were drawn (6) .
The concomitance of changes in SDN-POA volume and changes in behavior in the present study is significant because lesion and implantation studies have implicated the SDN-POA in the expression of masculine sexual behavior [rats (13, 24) , gerbils (11)]. Although the effect of perinatal ATD treatment on behavior of male rats has been reported previously (6), a possible mechanism through which ATD might affect behavior, specifically through changes in SDN-POA volume, is suggested by our findings. The strong positive relationship between ATD-induced differences in SDN-POA volume and frequency of ejaculations corroborates an earlier report (1), which also indicated such a correlation. The present study expands this relationship to include mounts and intromissions. Taken together, these studies lend support to the idea that the SDN-POA may be involved in the expression of masculine sexual behavior. Interestingly, our results suggest that the subjects from our experiment in fact comprise two groups, one that ejaculates, the other that does not (see Fig. 4 ). Although not central to the present hypothesis, if two groups are established based upon behavioral criteria (ejaculators vs. nonejaculators), a significant difference in SDN-POA volume is found (p < 0.02, both for ejaculations during preference tests and during pair test). It appears that SDN-POA volume smaller than 10 × I0 -~ mm ~ characterizes nonejaculators, whereas wfiumes larger than 16 × 10 ~ mm 3 are typical of ejaculators.
Our data also provide evidence for a positive relationship between SDN-POA volume and preference for a female in tests with and without interaction. Measures of partner preference, when tested without the possibility of interaction with stimulus animals, are generally considered parameters of sexual motivation [e.g., (26) ]. The SDN-POA thus far has been associated with consummatory aspects of sexual behavior (mounts. intromissions, and ejaculations), but not motivational aspects (17) . In fact, partner preference of female rats was previously shown to remain unaffected by a lesion of the SDN-POA (34) . Moreover, in the present study, latency to the first mount or intromission, a parameter that is typically considered a measure of motivation, did not correlate significantly with SDN-POA volume. However. the previous study, from which our sample of animals was drawn, did find a relationship between perinatal ATD treatment and time spent with a female when no interaction was possible (a measure of sexual motivation). Our finding that in males, larger SDN-POA volume is associated with a higher preference score for a female, even when no sexual interaction with the female is possible and thus consummatory aspects of sexual behavior are irrelevant, might serve to stimulate further research investigating a possible role for the SDN-POA in partner preference of males. Because it is clear that the relationship between SDN-POA volume and partner preference in our study lacks causal inference, further research, perhaps employing lesioning techniques that allow for establishing causal relationships, seems warranted. Finally, such studies should involve the SDN-POA as well as other brain structures sensitive to gonadal hormones.
Animals in the present study were left intact (i.e., were not castrated and it might be argued that the behavioral changes after perinatal ATD treatment could have resulted from differences in testicular output in adulthood. However, this is unlikely because perinatal ATD treatment previously has been shown to have no effect on adult androgen levels (6) .
The results from the present experiment thus show a clear effect of perinatal ATD on SDN-POA volume in adulthood, and suggest a positive relationship between SDN-POA volume and consummatory aspects of masculine sexual behavior (mount, intromission, and ejaculation frequency) and to a lesser extent partner preference (time spent with a female when no physical interaction is possible). The correlations found between SDN-POA volume and several parameters of behavioral masculinization indicate that, in general, larger SDN-POA volumes were associated with increased behavioral masculinization. However, because of the limitations of a correlational design, further research is necessary to specify the relationship between SDN-POA volume, partner preference, and masculine sexual behavior. In addition, the relationship between more subtle variations in SDN-POA volume, as occurred within individual treatment groups, and behavioral parameters was not examined due to the low ns in these groups. Furore research needs to investigate possible behavioral differences associated with these more subtle differences in SDN-POA volume.
